Nerve growth factor (NGF) is a well-known neurotrophic factor and the NGF signaling through the receptor, TrkA, plays important roles in regulating neuronal differentiation and survival. A recent study has demonstrated that the TrkAs expressed in undifferentiated PC12 cells were associated with caveolae, which were invaginated small pits on the plasma membrane. Caveolae are frequently seen in many cell types such as endothelial cells, fibroblasts and hepatocytes, but few in neurons. In the present study, we performed immunocytochemistry of TrkA in differentiated PC12 cells and analyzed the ultrastructural localization of TrkA by conventional electron microscopy and high-voltage electron microscopic (HVEM) tomography. The TrkA immunoreactivities were mainly associated with the cytoplasmic vesicles (10-30 nm in diameter) and a part of the plasma membrane. The HVEM tomography showed that the TrkA immunoreactivities were often assembled into ring-like structures (400-800 nm in diameter) near the plasma membrane, unlike typical flask-shaped invaginations of caveolae (50-100 nm in diameter). These results suggest that TrkA are not localized in the caveolae, at least in differentiated PC12 cells, but other invaginations are involved in a novel process of internalization of ligand-bound TrkA.
The neurotrophins play important roles in the development of the nervous system, such as neurite extension, synapse formation and survival of neurons. The neurotrophin family includes nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5). These neurotrophins mainly bind to a specific member of the Trks, receptor tyrosine kinase family: TrkA is a receptor for NGF, TrkB is for BDNF and NT-4/5, and TrkC is for NT-3. In contrast, p75 neurotrophin receptor (p75 NTR ), a member of the tumor necrosis factor receptor family, shows a low affinity for all ligands. TrkA is synthesized as a 110-kDa precursor and processed into the mature 140-kDa glycosylated form. The glycosylation is an important process for the regulation of localization, signal transduction and trafficking from the cell surface to the intracellular part (8, 18) . TrkA can autophosphorylate even in the absence of NGF, whereas the rapid autophosphorylation of TrkA and recruitment of several signaling molecules are induced when NGF binds to the TrkA. In addition, NGF signaling via TrkA receptor increases the expression of clathrin heavy chains and several adaptor proteins involved in membrane trafficking, and followed by the internalization of TrkA itself (1) .
Glycosphingolipids-and cholesterol-rich microdomains, referred to as lipid rafts (17) , are often associated with cell surface receptors (5, 10) . Caveolae ture 25 cm 2 flasks were purchased from IWAKI glass, Japan. Cell culture 4-well plates were purchased from Nalge Nunc International, NY. Nerve growth factor 2.5S (Tissue Culture grade) was purchased from Chemicon International Inc, CA. Rabbit anti-TrkA polyclonal antibody (No.763, sc-118) raised against the carboxy terminal was purchased from Santa Cruz Biotechnology, Inc, CA. The specificity of the anti-TrkA antibody has already been confirmed by Western blot (3) and immunocytochemical analyses (4) . Biotinylated anti-rabbit IgG and avidin biotinylated-horseradish peroxidase (HRP) complex (ABC) kit were purchased from Vector Laboratories, CA. PC12 cells were a gift from the late Prof. Hatanaka (Osaka Univ., Japan).
Cell culture and NGF stimulation. PC12 cells were cultured in 25 cm 2 tissue culture flasks with complete DMEM supplemented with 4.4 mM sodium hydrogen carbonate, 1 mM pyruvic acid sodium salt, 50 μg/mL kanamycin monosulfate, and 10% FBS, at 37°C in a humidified atmosphere containing 5% CO 2 . For differentiation, PC12 cells were cultured for 4 days with 50 ng/mL NGF in serum-free medium on gold grids, which were covered with the formvar supporting membrane, coated with carbon and then collagen type IV in 4-well plates.
Immunostaining and electron microscopy. PC12 cells were fixed with 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer (PB; pH 7.2) for 1 h at room temperature, rinsed in phosphate buffered saline (PBS; pH 7.2), and permeabilized with 0.1% Triton X-100 for 15 min at room temperature. After rinsing three times in PBS and then blocking with 1.5% normal goat serum in PBS for 1 h, cells were incubated for overnight at 4°C with primary antibody, rabbit anti-TrkA antibody (1 : 1000). After three washes with PBS (10 min each), cells were incubated with secondary antibody (biotinylated goat anti-rabbit IgG) for 1 h at room temperature. After three-time washing, cells were incubated with an ABC-HRP for 1 h at room temperature. Cells were rinsed in PBS, colored in 0.005% dihydroperoxide (H 2 O 2 ) and 0.01% 3, 3'-diaminobenzidine tetrahydrochloride (DAB), and rinsed in PBS. After DAB reaction, cells were postfixed in 2.5% glutaraldehyde in 0.1 M PB. Cells were then rinsed in 0.1 M PB, and postfixed in 1% osmium tetroxide for 1 h at room temperature. Cells were then dehydrated through a graded ethanol series and embedded in Epon 812 resin (TAAB Laboratories Equipment Ltd, UK). Ultrathin sections were cut by are also thought to be specialized lipid rafts that are non-coated flask-shaped invaginations of the plasma membrane (50-100 nm in diameter). Caveolins, 21-24 kDa integral membrane proteins, are principal structural components of caveolae membrane. Caveolae are found in a variety of cell types, typically such as endothelial cells, fibroblasts and hepatocytes, but the formation of caveolae structure and the expression of caveolins in neurons is still controversial. There are three types of caveolins, caveolin-1, including the caveolin-1α and β isoforms, caveolin-2, and caveolin-3. Both the caveolin-1 and caveolin-2 are expressed in various cells, such as endothelial cells, adipocytes, fibroblasts, astrocytes and hepatocytes, whereas caveolin-3 is expressed only in skeletal muscle cells. The mechanism of signal transduction through the caveolae has not been elucidated in detail, although a few studies reported that caveolae specific proteins, especially caveolin-1, interact with some signal transduction molecules (9, 12) .
PC12, a cell line derived from a pheochromocytoma of rat adrenal medulla, is an excellent model of neuronal cells and expresses both of the receptors TrkA and p75
NTR . PC12 cells are round in shape when they proliferate under high serum concentrations and are differentiated by NGF into sympathetic neuron-like cells having long processes, which are different from axons and dendrites. In the differentiated PC12 cells, dopamine and noradrenalin are synthesized and stored in large (dense) cored vesicles, many of which are found in the close vicinity of the plasma membrane.
Although PC12 cells have been extensively used to study NGF signaling (11, 13) , subcellular localization of TrkA has not been examined in detail. Several studies reported that differentiated PC12 cells expressed caveolins (6) and TrkA was associated with caveolae-like structures on the cell surface of undifferentiated PC12 cells (15) , but the detailed relationship between TrkA and caveolae in differentiated PC12 cells has not been known. The aim of this study is to elucidate the ultrastructural and the three-dimensional (3D) localization of TrkA in the differentiated PC12 cells, using conventional immunoelectron microscopy and high voltage electron microscopic (HVEM) tomography.
MATERIALS AND METHODS
Materials. Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Invitrogen Corporation, CA. Cell cul-arrowheads and dotted arrow).
To examine the ultrastructural localization of TrkA in differentiated PC12 cells, we performed conventional transmission electron microscopy. Strong immunoreactivities were often observed on clustered small vesicles (10-30 nm in diameter) (Fig. 1B arrowheads) . Sometimes, immunoreactivities were also found around the endosome-like profiles in the cytoplasm (Fig. 1B arrow) . The diffused immunoreactivities were found at part of plasma membrane and small area just beneath the plasma membrane (Fig. 1C arrow) .
Localization of TrkA in differentiated PC12 cells by HVEM
To examine the ultrastructural localization of TrkA through the whole cell, we performed the whole mount cell observation using HVEM. In this experiment, PC12 cells were directly cultured on gold grids covered with collagen-coated formvar membrane in the presence of NGF (50 ng/mL) for 4 days. Under these culture conditions, several neurites with many varicosities were extended. TrkA immunoreactivities were found at the plasma membrane of neurites including varicosities ( Fig. 2A) .
At the low magnification, TrkA immunoreactivities were seen as the massive dense accumulations or mesh-like structures beneath the plasma membrane (Fig. 2B) . Profiles of two characteristic structures were featured in the electron micrograph of higher magnification (Fig. 2C) . The negative images were used to intensify these structures (Figs. 2D, E) . The massive accumulations (outlined with a dotted line in Fig. 2C ) consisted of many small immunoultramicrotome (ULTRACUT R; Leica Microsystems, Germany). The sections were weakly contrasted with lead citrate and observed on transmission electron microscope (TEM) (JEM1220; JEOL, Japan) in accelerating voltage at 80 kV.
High voltage electron microscopy (HVEM) and TEM-computed tomography.
A basically similar procedure was used for HVEM except the ultrathin sectioning. Briefly, cells were cultured on the formvarcoated gold grids, permeabilized with 0.1% Triton X-100, and colored in DAB solution containing 0.3% ammonium nickel (II) sulfate hexahydrate in order to intensify the reaction. After postfixation with glutaraldehyde and osmium tetroxide and dehydration through a graded ethanol series, cells were dried using CO 2 critical point dryer (HCP-II; HITACHI, Japan). Electron micrographs were obtained using HVEM (H-1250M; HITACHI, Japan) in accelerating voltage at 1000 kV. The specimen was rotated stepwise from −60° to +60° and the images were captured at every 2°-tilt. Three-dimensional analyses were done using the Mark Finder and r-image software for Mac OS X (7).
RESULTS

Subcellular localization of the neurotrophin receptor TrkA in PC12 cells
Under a light microscope, TrkA immunoreactivities in differentiated PC12 cells were found as dense punctuations in the cell bodies (Fig. 1A arrows) . In the neurites, strong immunoreactivities were seen in varicosities and proximal part of neurites (Fig. 1A , reactive vesicles (20-30 nm in diameter) (Fig. 2D) . The mesh-like structure (outlined with a solid line in Fig. 2C ) was also composed of a few immuoreactive small vesicles (Fig. 2E) . The morphological features of these vesicles were compatible well in size and shape with those observed by conventional transmission immunoelectron microscopy (Fig. 1B) .
Three-dimensional reconstruction analysis of TrkA localized plasma membrane structure To determine whether TrkA is associated with caveolae in neuronally differentiated PC12 cells, we performed 3-D reconstruction from a series of 61 high voltage electron micrographs recorded at 2-degree intervals from −60° to +60° in the tilt. The typical profile of TrkA immunoreactivities on the plasma membrane of cell body was showed in Fig. 3A .
TrkA immunoreactivity on the plasma membrane was seen as aggregates of ring-like structures (400-800 nm in diameter). These ring-like structures were solitary or crowded together. These were thought to be corresponding to the punctuations observed by light microscopy (Fig. 1A ), but were larger than endosome-like structure (250 nm in diameter) observed by TEM (Fig. 1B) . Many small vesicular structures (20-50 nm in diameter) were seen in these rings (Fig. 3B) . In order to create the 3-D image of TrkA immunoreactivities on the plasma membrane, two rings (Figs. 3A angled area, and 3B) were subjected to reconstruction process and the results are presented in Figs. 3C-G. The areas outlined by a dotted line and solid line in Fig. 3C are further magnified into Figs. 3D and 3E. The areas outlined by a dotted line in Fig. 3D and a solid line in Fig. 3E are further magnified into Figs. 3F and 3G, respectively. These 3-D images showed that TrkA immunoreactive structures contained a few small invaginations in irregular shape from 10 to 50 nm in diameter (Figs. 3D-G) , which did not appear to be caveolae in size and shape. These small invaginations had relatively shallow bottom and ruffled inner surface.
DISCUSSION
In the present study using computer tomography combined with high voltage electron microscopy (HVEM), we revealed 3-D image of neurotrophin receptor (TrkA) in cultured neuronal cells, although the images were somewhat diffused appearance because of HRP-DAB products. According to Peiro et al. (15) , undifferentiated PC12 cells express caveolins, marker proteins of caveolae, and the nerve growth factor receptor TrkA is located in the caveolae. To our knowledge, there are few caveolae in neurons. In the present study, TrkA was mainly found in small vesicles and endosome-like irregular shaped vesicles, where the typical structures of caveolae were never seen, at least as far as observed in PC12 cells differentiated in the presence of NGF for 4 days (Figs. 1B, C) . The plasma membrane containing TrkA immunoreactivity had somewhat ruffled appearance and small invaginations less than 50 nm in diameter (Figs. 3D-G) .
Although the reason of discrepancy to the previous study (15) is not known at present, it is possible that the cellular conditions of PC12 cells are different from undifferentiated stage to differentiated one, especially for caveolae formation. In the present study, we have not used undifferentiated PC12 cell, because the NGF-TrkA signaling is thought to work continuously during the neurogenesis and the neural network formation. In future, more detailed examinations are necessary for understanding about the role of caveolae in the early neurogenesis.
In biochemical level, caveolae and/or lipid rafts are thought to be cholesterol-and glycosphingolipids-enriched microdomains in the plasma membrane (5, 17) . In fine structural level, however, it is not clear whether caveolae are lipid raft or not. Recent biochemical studies indicated that TrkB and p75 structures observed by light microscope and HVEM, 2) Characteristic pits less than 50 nm in diameter may reflect the endocytotic process of ligand-bound TrkA receptors.
Further methodological improvement will be necessary for getting fine and intense contrast the target molecules under HVEM-tomography. neurotrophic factors receptors are present in lipid rafts (2, 19) . In the present study, the presence of TrkA in the ruffled punctuation of plasma membrane observed by HVEM and 3-D image suggests that TrkA is located in specific membrane microdomains known as lipid rafts, but not in caveolae.
In differentiated PC12 cells, TrkA immunoreactivities were seen in many vesicular structures, some of which might be involved in intracellular trafficking of membrane proteins. In general, after the membrane receptors bind their ligands, the complex of receptors and ligands is thought to be rapidly internalized by endocytosis. It is likely that trafficking of TrkA from cell surface to endosomes and lysosomes normally occurs within approximately 40-50 min after NGF stimulation (8) . Recent studies have suggested that caveolae and lipid rafts could be endocytosed by a clathrin-independent pathway after the stimulation of epidermal growth factor in HeLa cells (16) , and both the clathrin-mediated and -independent endocytosis might co-exist in the recycling process of synaptic vesicles in Drosophila (20) . Our present study suggests that the small vesicles containing TrkA immunoreactivities close to the plasma membrane are involved in the process of endocytosis.
Whole mount observation by HVEM revealed that TrkA immunoreactivities were found as cluster of ring-like structures, which associated with aggregation of many small vesicles (Figs. 2, 3) . Interestingly, the similar structures have been reported in the plasma membrane of adipocytes (14) , in which several plasma membrane proteins, such as transferrin receptor, SNARE proteins syntaxin 4 and caveolin-1, were associated with these structures in adipocytes.
As to the compartmentalization of plasma membrane, it has been postulated that the lateral diffusion of phospholipids and the actin-based membrane skeleton may be involved in this process, but the extracellular proteins or cholesterol-enriched rafts may not (5). Our results indicated that TrkA-NGF complex may be endocytosed by a clathrin-independent pathway and the internalization of TrkA may be regulated by caveolin and/or actin. Further studies on relation between clathrin and caveolin are necessary to clarify this process.
From our 3-D images and conventional electron micrographs, we could speculate on the process of NGF-TrkA signaling in PC12 cells as follows: 1) The localization of TrkA on the cell surface may be regulated by membrane lipids and/or membrane proteins because of their characteristic punctuation
